the question of how robust earlier postulated links are between crystal morphology/typology and independent indicators for the thermochemical conditions of magma such as Ti-in-zircon and zircon saturation thermometry Ferry and Watson, 2007) . Hence, we investigated felsic magmatic rocks of the Central Anatolian Volcanic Province (CAVP) in Cappadocia, Turkey. The petrological characteristics of the CAVP have been research topic of various researchers over a long period of time (Pasquare, 1968; Innocenti et al., 1975; Le Pennec et al., 1994; Temel et al., 1998; Viereck-Götte et al., 2010; Aydar et al., 2012) , mainly discussed on a geological and geochemical basis. The main objective of this study is to investigate the zircon morphological variations to assess different petrogenetic significance between ignimbrites and rhyolitic domes/lavas of the CAVP. Besides typological evolution, conducting zircon saturation, and zircon crystallization temperature, it is also aimed to correlate geothermometric results with zircon typology results. However, up to now numerous zircon morphological studies were carried out on plutonic (mostly granitoids), sedimentary, or metamorphic rocks to establish possible petrological implications based on external morphologies of zircons to assess petrogenetic relations of granitoids and definitions of the different granitic provinces (Barbarin, 1988; Kabesh et al., 1999; Toth, 1999; Klötzli et al., 2001; Köksal et al., 2008; Jamshidibadr, 2016) , indication of the protolith from metamorphic zircons derived from igneous rocks (Caironi, 1994) , and the source of sedimentary rocks as well as their source rock characteristics by morphological variation of zircons (Loi and Debard, 1997; Schaefer and Doerr, 1997; Anani et al., 2011) . Among numerous studies on zircon typology, no pyroclastic flow deposits or rhyolitic domes/lavas were used for the source of the morphological classification of the zircons. This study will be a pioneer in the field of typological research and will also be the first approach to zircon crystallization temperature and petrological characterization of the CAVP on behalf of zircon morphological distribution.
Central Anatolian Volcanic Province
Turkey is situated in the continental convergence and collision zone between Afro-Arabia and Eurasia in the east and the subduction zone of Africa below Eurasia in the west. This complex setting of collisional and postcollisional tectonism and extensive volcanism has emerged in Eastern, Central, and Western Anatolia since the Mid-Miocene. The postcollisional CAVP covers an area of approximately 20,000 km 2 and is located between the cities of Aksaray, Niğde, Nevşehir, and Kayseri ( Figure 1a ). Volcanic deposits outcrop mainly on Paleozoic-Mesozoic medium-highgrade metamorphic rocks, Upper Cretaceous ophiolites, and Upper Cretaceous-Paleocene granitoids (Toprak and Göncüoğlu, 1993) . CAVP volcanism comprises extensive pyroclastic deposits (mainly felsic ignimbrites) (Figure 1b) , several voluminous and long-lived stratovolcanoes (e.g., Mts. Erdas, Melendiz, Keçiboyduran, Hasan, Erciyes), and numerous, but volumetrically subordinate, monogenetic centers (maars, cinder cones, and bimodal lava domes).
The region hosts the famous Cappadocian ignimbrites with spectacular erosional patterns generated during plateau uplift by ~1000 m since ca. 8 Ma (Aydar et al., 2013) . At least ten ignimbrite units have been identified, often separated by fluviolacustrine deposits or lava flows (Figure 2 ). Chronostratigraphically, these are (in stratigraphic order) Kavak, Zelve, Sarımadentepe, Sofular, Cemilköy, Tahar, Gördeles, Kızılkaya, Valibabatepe, and Kumtepe . Some ignimbrites as well as fluviolacustrine deposits contain terrestrial faunal remains (e.g., Rhinoceros sp., Hipparion sp., Bos sp.; Antoine et al., 2012) . Zircon ages and chemistry of Miocene to Quaternary units in the region have been detailed by Schmitt et al. (2011) , Siebel et al. (2011) , Aydar et al. (2012) , and Aydin et al. (2014) .
Sample preparation and analytical methods
Zircon separation followed standard procedures. Composite pumice samples representing juvenile magmatic components, collected as a result of field studies, were thoroughly cleaned. Then samples were crushed, ground, and sieved to <500 µm grain size and glass was dissolved over ~3-5 min with cold 40% HF, a treatment that left zircon completely intact. When the acid-insoluble residue contained a high fraction of nonzircon minerals, zircon was further enriched in the heavy mineral and nonmagnetic fraction by heavy liquid and magnetic mineral separation carried out using a Frantz isodynamic magnetic separator. Since the crystal content in the rhyolitic lavas and pumices from the CAVP is relatively low (<30%), zircon was ultimately purified from the nonmagnetic fraction by hand-picking (typically 100-250 µm in length). Nearly 100 crystals from each sample were optically investigated from all types of grain sizes (>250 µm, 250-125 µm, and 125-63 µm). Unbroken and euhedral zircon crystal representing the zircon populations were separated for typological investigations and crystals were mounted onto stubs for scanning electron microscope studies. Morphological studies were carried out at the Hacettepe University Department of Geological Engineering using a Carl-Zeiss EVO-50 EP scanning electron microscope and images of gold-carbon-coated single zircon grains were taken with a back-scattered electrons detector. Mineral microanalyses were performed with a Bruker-Axs Xflash 3001 SDD-EDS (silicon drift detector-energy dispersive spectrometer) integrated with a scanning electron microscope. For mineral microanalysis, the device was used at 15 kV accelerating voltage, 15 nA beam current, and 120 s counting time conditions at an energy resolution . . of 127 eV. During typological investigations and imaging processes of zircons by electron microscope, it was determined that crystal faces of some zircon crystals were either affected and deformed or not fully purified from adhesive matrix glass by the HF acid glass dissolution treatment processes, which was impossible to detect in optical microscope studies. Therefore, approximately 20-50 representative zircon crystals were selected as suitable for typological studies. The number of investigated zircon crystals for each unit is indicated as 'N' in related typology diagrams.
Mineralogical and petrographic analyses of Neogene ignimbrite units and whole rocks for Quaternary rhyolitic domes/lavas units were carried out, and whole rock major and trace element compositions of selected samples from the study area were determined by ACME Laboratories (Canada). Major element analysis was obtained by ICP-OES (optical emission spectrometry), and trace element abundances were determined by ICP-MS (mass spectrometry). Sensitivity in major element analysis is about ±0.01%. In trace element analysis, the sensitivity differs according to the element groups: ±0.02-0.1 ppm in rare earth elements, 1 ppm in Ba, 8 ppm in V, 5 ppm in Zn, and 0.1 ppm in all other trace element contents.
Analysis of titanium concentration in zircons was performed with a CAMECA IMS-1270 ion microprobe at the University of California, Los Angeles, with original data reported by Aydar et al. (2012) . We used the same CAVP ignimbrite units as for the zircon typology study, but different aliquants of handpicked zircon crystals were placed on adhesive tape and cast in epoxy resin. Crystal surfaces were gently removed by grinding with SiCcoated paper, and surfaces were polished using diamond suspensions. We estimate that not more than one-third of the crystal was removed in this fashion.
CL imaging was also obtained from sectioned zircon grains to examine zoning patterns prior to U-Pb dating, which is fundamental to reveal the internal structure of zircon as well as different chemical and age domains (Corfu et al., 2003) . Many CL images of CAVP zircons display fine oscillatory zoning pattern with lack of metamictized or recrystallization domains and show partial sector zoning. Additionally, CL images of zircons indicate no significant fundamental age difference between rim and center . Ti concentrations of zircons do not show any correlation with CL as well. Consequently, CL images of internal structures of zircons were not used for any interpretations in this study.
Zircon typology: overview of Pupin's method
The zircon typology method as first proposed by Pupin (1980) is based on the representation of different pyramidal and prismatic faces in individual zircon crystals ( Figure  3 ). The method mainly distinguishes morphological types of zircon based on the relative development of {100} and {110} prisms and {101} and {211} pyramids. Pupin (1980) also postulated that variations of the physicochemical conditions in granitic melts will result in a "typological evolution" of zircon populations depending on the relative timing of their crystallization along a magmatic differentiation path. Moreover, the chemical composition of the melt is expected to play an important role in controlling zircon crystallization onset and rates, i.e. according to Pupin (1980) , zircon crystals derived from hyperaluminous or hypoalkaline melts show well-developed {211} pyramid faces, whereas prominent {101} pyramids are characteristic for crystallization in hyperalkaline or hypoaluminous compositions. Pupin (1980) distinguished between an alkaline index (IA) representing the chemical (Al relative to alkalis) conditions in a zircon-saturated melt and a temperature index (IT) that is controlled by crystallization temperature, leading to relative differences in the development of prismatic crystal forms. Pupin (1980) also proposed a model for nongranitic groups of rocks. According to the model, zircon populations from nongranitic groups can be used for genetic classification of volcanic rocks within 6 subgroups as alkaline basalts with gem-quality zircons (AB), alkaline series rhyolites from anorogenic complexes (AR), calcalkaline series rhyolites (orogenic) (CAR), migmatites (M), trachyandesites (t), and tonalites (T) (Figure 3) . Pupin (1980) observed that the differences between volcanic rocks and the crystalline equivalents as a result of rapid cooling of rhyolites can generate breakage in zircon crystallization and the processes of crystallization are not similarly evolving in volcanic rocks. The same observation applies for the alkaline (anorogenic) and calcalkaline rhyolites (orogenic). Alkaline rhyolites are related to subvolcanic complexes in the intracontinental rift zones and can be associated with subalkaline granitic series (Pupin, 1980) . The genesis of gem-quality zircons from alkaline basalts and trachyandesites was not well explained. The morphological classification for volcanic rocks is not completely understood. This is because Pupin (1980) could not fully focus on the morphological classification of volcanic rocks like granitic equivalents. Therefore, we mainly focused on granitic rock classification for the zircon typology since there is not much difference in the classification temperature calculations.
The typological study of zircon populations requires unbroken zircon crystals, if possible. Zircon crystals are then matched up in the typology diagram of Pupin (1980) . The temperature index (IT), which depends on the relative change of the {110} and {100} prismal faces, and the alkaline index (IA), which depends on the change of the {211} and {301} pyramidal faces, are determined. A typological evolution trend (TET), which is used for granitoid classification according to the three branches defined by Pupin (1980) , is drawn based on estimated IT and IA. IA and IT are calculated by the following equations:
Here, n IA and n IT are the respective frequencies for each value of IA or IT (Σ n IA = Σ n IT = 1). The TET is drawn through the average in (IA, IT) with slope a = S T / S A , which is the tangent of the angle between the TET axis and the IA axis according to the following: 
Zircon temperature overview

Zircon saturation temperature
Zircon solubility in calc-alkaline magmas is a function of the Zr concentration in the melt, temperature, and magma composition . Magma composition is parameterized using M = (Na + K + 2Ca) / (Al x Si) values, which are mostly controlled by silica composition of the melt (Hanchar and Watson, 2003) . Magmatic differentiation, resulting in high silica content (from basaltic to rhyolitic composition), has a strong effect on increasing in Zr and that results in decreasing M values and eventually increasing saturation temperatures of zircon (Siegel et al., 2018) . Therefore, during the fractional crystallization of high silica igneous rocks, a small increase in Zr content is expected to increase the zircon saturation temperatures . This thermometric calculation either predicts the temperature during zircon crystallization from cooling magma or inversely the dissolution temperature of zircon where the residuals remain in zircon undersaturated melt :
Different calibrations of this thermometer were developed subsequently. Here, we also use the calibration by Boehnke et al. (2013) , which is the most suitable for the metaluminous compositions of most CAVP ignimbrites (cf. Gervasoni et al., 2016) . As a result of this calibration, it is strongly suggested that pressure and water content Pupin (1980) . Stocks (1), (2), and (3) comprise granites of crustal or mainly crustal origin (orogenic granites); stock (1) = aluminous leucogranites; stock (2) = (sub) autochthonous monzogranites and granodiorites; stock (3) = intrusive aluminous monzogranites and granodiorites. Stocks (4) and (5) do not have any effect on zircon saturation temperatures (Boehnke et al., 2013) . Therefore, this thermometer is calibrated according to the whole rock Zr content as described by the following equation: Siegel et al. (2018) defined this as theoretical temperature value, not an actual magmatic temperature, to approach zircon crystallization conditions and also emphasized the convenience of the saturation temperature as a geothermometer, if only to be applied to rocks that have a bulk composition range close to the original melt from which the zircon crystallized. Hanchar and Watson (2003) suggested that the unaltered zircon-containing silicic volcanic rocks with little or no phenocryst would be the most likely example within this framework. Plutonic rocks represent solidified and fully crystalline melt; thus, bulk rock composition would not be representative for original melt. As for rapidly cooling volcanic rocks, saturation temperature shifts to higher values in comparison to plutonic rocks (Siegel et al., 2018) . Here we also used the whole rock compositions, which reasonably represent the crystal-poor nature of the CAVP and the general absence of xenocrystic zircon in these rocks to assess the zircon saturation temperatures . Watson and Harrison (2005) and Watson et al. (2006) suggested a model temperature calculation based on changes in the Ti concentration of zircon. The slow diffusion rate of Ti in zircon occurs due to the physical nature of the zircon crystal structure and this preserves the temperature information during the crystallization. Ferry and Watson (2007) calibrated the thermometer based on Ti partitioning into zircon at αTiO 2 and αSiO 2 fixed by the presence of rutile and quartz, subsequently, as described by the following equation:
Ti-in-zircon temperature
Ti content in zircon crystal structure is mostly dependent on temperature, and by estimation of Ti activity within the rock, it can be used to calculate approximate magma temperature at the time of zircon crystallization (Ferry and Watson, 2007; Siegel et al., 2018) . Absence of rutile, quartz, or both can be an obstacle to the use of this thermometer. Moreover, αTiO 2 and αSiO 2 are expected to change during magmatic differentiation. Based on the presence of Ti-rich minerals (e.g., ilmenite, titanite, or rutile), Watson and Harrison (2005) suggested that almost all natural melts that crystallize zircons have αTiO 2 ≥ 0.5. For evolved magmas that contain quartz, activity of SiO 2 can be assumed as 1 (for crustal rocks, activity of SiO 2 cannot be lower than 0.5) (Ferry and Watson, 2007) . Some of the CAVP ignimbrites (Kavak and Kızılkaya) typically are quartz-bearing (hence αSiO 2 = 1), but rutile is absent for almost all of them. Activity of TiO 2 in silicic melts is represented between values of 0.6 and 0.9. Lowering predicted TiO 2 activity value of the melt in between these values may cause temperature increase by maximum 70 °C. Aydar et al. (2012) thus calculated model temperatures for αTiO 2 = 0.5 corresponding to the lower limit for silicic melts of Watson and Harrison (2005) . Higher αTiO 2 would cause Ti-in-zircon temperatures to drop by a few dozen degrees Celsius. Aydar et al. (2012) observed internally consistent zircon-saturation and Tiin-zircon temperatures for αTiO 2 (where Ti-in-zircon temperatures were always equal to or slightly higher than zircon saturation temperatures), supporting this choice of αTiO 2 . The temperature range of Ti-in-zircon is commonly greater than those of other thermometers. Such a range in Ti-in-zircon temperature is interpreted as the reflection of ongoing zircon crystallization during cooling stage and fractionation processes of mineral resulting in the solidification of magma (Siegel et al., 2018) . Experimental calculations of Ti-in-zircon temperature for silicic magmas indicate a limited temperature range between 620 °C and 970 °C (Scaillet et al., 2016; Siegel et al., 2018) . Temperature estimation below and above these values may be the result of incorrect Ti activity selections (Ferry and Watson, 2007) , violation of Ti substitution by crystal defects, nonequilibrium conditions of Ti in the zircon structure or analysis of Ti-rich inclusions (e.g., FeTi oxides, rutile), or secondary Ti enrichment in cracks of zircon crystals (Harrison and Schmitt, 2007) .
Results
Petrographic and chemical composition of ignimbrites
The granitic bodies that are exposed in the vicinity of the Acigöl, Keşlik, and Tilköy region form as prevolcanic basement. Age analysis (Ar/Ar: 78.4 ± 0.4 Ma and U/ Pb: 77.8 ± 4.4 Ma) of granites sampled from the Acıgöl region represents the Upper Cretaceous times . The unit has holocrystalline texture and contains K-feldspar + plagioclase + quartz + orthoclase + amphiboles + biotite ± opaque minerals and zircon minerals as accessory phase.
Mineralogical content varies for Cappadocian ignimbrites and dome/lava flows (Table 1) . However, plagioclase, biotite, Fe-Ti oxides, and accessory phases (zircon and apatite) are common for all pyroclastic units. The younger ones from Tahar to Kızılkaya additionally contain amphibole. Nearly all contain pyroxene as well. Accordingly, it is observed that the minerals of the mica group developed as biotite in the study area. Fe-Ti oxide minerals are quite common and usually magnetite in composition and some units are also observed as ilmenite. These minerals are also present as phenocrysts in the mass and inclusions in minerals such as biotite. The most common accessory phase in the study area is zircon, found as inclusions in biotite or microphenocrysts in almost all of the Miocene ignimbrites. Quaternary domes/lavas are characterized by aphyric texture and partly flow banding structure. Plagioclase, biotite, and oxides represent common phenocrysts in the domes/lavas and apatite, zircon, and rarely monazite are accessory phases in the groundmass.
Representative geochemical data of ignimbrites and dome/lavas obtained from pumices and whole rock are given in Table 2 . The chemical contents of the samples were recalculated according to the loss rates (LOI) and transferred to a SiO 2 (%) -Na 2 O + K 2 O (%) diagram (Figure 4 ; Le Bas et al., 1986) . According to this, the majority of the ignimbrite units and domes sampled from the study area display calc-alkaline rhyolitic character with the exception of those of Sofular and Gördeles-B identified as being dacitic.
Ti-in-zircon and zircon saturation thermometry
Ti analyses were performed simultaneously during the U-Pb age measurements, typically targeting marginal domains of the zircon crystals (Table 3 ). There were no significant changes in Ti concentration within the individual grains of the sample so we used the mean value of all measurements. Zircons were monitored by analyzing 57 Fe + secondary ions to avoid beam overlap onto inclusions (e.g., glass, Fe Ti oxides) and the values (higher or lower) were eliminated compared to the maximum and minimum determined in the reference zircon. Since no xenocrystic cores or old inherited zircons were detected during the Ti analysis sequence, all represented the magmatic ones, and Ti-inzircon temperatures were interpreted as crystallization temperatures. Most of the CAVP zircons (~95%) have Ti concentrations of less than 10 ppm, corresponding to a temperature range from ~600 °C to ~800 °C. Almost all of the ignimbrites and rhyolitic domes/lavas have zircon crystallization temperatures that are higher than zircon saturation temperatures estimated from the whole rock composition. This could be a result of initial zircon crystallization in hotter magma being different from the final magma. Another explanation could be that zircon saturation might also be underestimated. Crystallization of zircon from melt zircon being undersaturated causes an increase in Zr content and thus the M values in residual, and consequently this leads to an increase in zircon saturation temperatures (Claiborne et al., 2010b) . Just two samples in the study (KPD-08-009, Kavak and K-015, Acıgöl granite) have lower Ti-in-zircon temperatures than the zircon saturation temperature. This difference is also consistent with the zircon typology temperature values. Low Ti-inzircon indicates that zircon growth occurred in a nearly crystalline environment or magma system relatively cool and nearly solid for a period of time. Zircon saturation temperatures (from data of Aydar et al., 2012, and Siebel et al., 2011, recalculated to the calibration of Boehnke et al., 2013) range from 754 to 667 °C in Neogene ignimbrites (530 °C for Gördeles-B) and 663 to 677 °C in Quaternary lavas. M, used in zircon saturation temperature calculation, is expressed in values between 1.0 and 1.2 for Kavak and Zelve ignimbrites, represented as the oldest pyroclastic flows of the study area (~9-10 Ma; Aydar et al., 2012) . It is observed that the M value increases towards relatively young ignimbrites (M = 13 for Cemilköy and M = 15 for Kızılkaya; ~6-5 Ma; Aydar et al., 2012) . Correspondingly, M values are getting slightly higher through Neogene ignimbrites to Quaternary lavas. According to M values, it may be suggested that the morphological evolution of zircon grains is mostly affected by the composition of the melt, not by the temperature. Quaternary lavas have a generally higher agpaitic index compared to Neogene ignimbrites, which show a slight trend of increasing agpaitic index with younger age.
Application of zircon typology method to CAVP ignimbrites, rhyolitic domes/lavas, and basement granite
The morphological characteristics of zircon crystals from pyroclastic rocks and rhyolitic domes/lavas indicate that zircons are in much smaller amounts than the granitic rocks and the grain sizes are mostly smaller, ranging from 100 to 250 µm. CAVP zircon crystals are euhedral and lack resorption features (e.g., embayments, or rounded edges). They can therefore be classified according to Pupin's (1980) typology diagram that uses the relative development of zircon pyramid and prism faces. Applying the statistical calculations in the scope of this method, typological evolution trends (TETs) were plotted according to temperature and alkalinity indices (Table 4) . 6.3.1. Acıgöl granite Zircon crystals from Acıgöl granite range from colorless to pale yellow and yellow in color. Long prismatic zircon crystals are characteristic for Acıgöl granite (Plate 1 in Appendix). Zircon crystals from this fall into the S13, S18, and S14 categories (in decreasing abundance) with few grains of S6, S7, and S8 types being present ( Figure  5 ). This translates into a relatively narrow range of zircon types according to their averaged T-and A-indices, which classifies according to the TET as Stock 4c of Group-4, typical for hybrid calc-alkaline granites (Pupin, 1980) .
Neogene ignimbrites
The types of zircon crystals from Neogene ignimbrites range from pale pink to red brown (especially for Kızılkaya).
The zircon crystals typically demonstrate preferential development of {101}, {211}, and pyramid faces and {100}, {110}, and prism faces. Zircon types from ignimbrites are generally located in the middle part of the typology diagram with moderate A-and T-indexes. 6.3.2.1. Kavak, Sarımadentepe, and Sofular Ignimbrites The zircon population of Kavak, Sarımadentepe, and Sofular ignimbrites shows pinkish short prismatic crystals (Plates 2, 3, and 4 in Appendix; Figures 6a-6c) . Kavak (S12, S7, S13, S3, S18, S8, and S17) and Sofular (S12, S17, S18, S19, S7, S13, S8, S14, S24, and S22) ignimbrites show a wide range of zircon crystal topology (Figures 6a and 6c) . However, zircons of Sarımadentepe ignimbrite represent a comparatively narrower range of types (S18, S12, S13, S8, S7, and S14) (Figure 6b ). The TET of these rocks is classified as Stock 4a and 4b of Group-4, representing the hybrid calc-alkaline series after Pupin (1980) , whereas Sarımadentepe ignimbrite zircons are classified entirely within Stock 4a of Group-4.
Cemilköy ignimbrite and local fall-out deposits
The zircon crystals obtained from Cemilköy ignimbrite are S12, S17, S18, S19, S7, S13, S8, S14, S24, and S22 ( Figure  7a ). The zircon crystals have low A-and medium T-indices with a TET of hybrid (4b) type (Plate 5 in Appendix). The zircon crystals obtained from the local fall-out deposits (KPD-08-004, K-287, and K-372) collectively fall into the S8, S3, and S4 categories (Figures 7b-7d ) with intermediate A-and low T-indices. Their TET is categorized as hybrid (4a) and group 3 type (crustal)-(crustal+mantle) (Plates 6, 7, and 8 in Appendix). T(sat) = Zircon saturation temperatures from whole-rock pumice compositions using calibration in (a) Watson and Harrison (1983) ; (b) Boehnke et al. (2013) .
L. F. D.: Local fall-out deposits.
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Gördeles and Kızılkaya ignimbrites
The zircon crystals obtained from Gördeles ignimbrite were examined as KL-02 and KL-02B based on different physical and chemical properties of pumice in this unit. The main flow contains two pumice clasts, different in color and texture ranging from pale gray-brown fibrous to bright white subspherically vesiculated ones that are compositionally similar (Plates 9 and 10 in Appendix). Despite the differences, zircon exhibits the same typological development trend with intermediate A-and high T-indices, corresponding to a TET of hybrid (4c) type (Figures 8a and 8b) . Zircon crystals obtained from Kızılkaya ignimbrite comprise S17, S12, S18, S13, S7, S8, and S19 types (Figure 8c ). They generally have low A-and intermediate T-indices with a TET of the hybrid (4b) type (Plate 11 in Appendix).
Quaternary rhyolitic domes/lavas
Rhyolitic domes/lavas were sampled for comparison with Neogene ignimbrites from four different localities, i.e. samples from Göllüdağ, Susamsivrisi Tepe, Korudağ, and Güneydağ. The zircon population of these units mainly consists of colorless and transparent varieties. In general, the zircon types of these four domes are similar and only Göllüdağ contains a subset of types that is also present in Neogene ignimbrites (Plate 12 in Appendix). The most abundant zircon types from Göllüdağ are S8, S4, and S5; from Susamsivrisi Tepe, Korudağ, and Güneydağ types are S5, G1, S10, P1, and L5. Asymmetrical evolution of the pyramid surfaces in the zircon crystals is common for G1, S10, P1, and S5 types. Whereas the population of Göllüdağ is characterized by moderate A-and low T-indices ( Figure  9a ), Susamsivrisi Tepe, Korudağ, and Güneydağ display a high A-index, indicative of a high Al/alkaline ratio and a moderate T-index (Figures 9b-9d ). This is distinct from the typological characteristics of zircon from Neogene ignimbrites (Plate 13, 14, and 15 in Appendix).
7. Discussion 7.1. Ti-in-zircon and zircon saturation temperature framework for the CAVP ignimbrites Experimentally calibrated zircon thermometers (Tiin-zircon, zircon saturation) have superseded zircon typology thermometry, which lacks stringent quantitative constraints on the magmatic temperature conditions for the granitic rocks that were the basis for developing the typology model. However, extracting accurate temperatures from Ti-in-zircon and zircon saturation models is also nontrivial, and misuse can lead to systematic bias. Application of the Ti-in-zircon thermometer in natural systems requires careful consideration of the petrologic context to determine whether Ti-in-zircon is a reliable indicator of temperature. It is common for zircons to survive in melts with which they are not cognate (e.g., Watson, 1996) , and hence it may be difficult to impossible to reconstruct the thermochemical environment where zircon originally crystallized. Zircon geochronology is therefore important to identify xenocrystic and antecrystic zircon. For the CAVP ignimbrites, xenocrysts were generally scarce, and differences between 40 Ar/ 39 Ar eruption ages and U-Pb zircon ages were within analytical uncertainties, suggesting limited preeruptive zircon crystallization . Nevertheless, during the cooling of magma, zircon tends to grow over a range of temperatures, which are limited at the upper end by zircon saturation and at the lower end by the solidus, although subsolidus hydrothermal zircon can be present in granitic rocks (Schaltegger, 2007) . This temperature range represents a ~100-200 °C interval between solid and liquid state in simple silicic melt systems (Carmichael et al., 1974; Fu et al., 2008) . Average Ti-in-zircon temperatures obtained for the CAVP ignimbrites are between 702 °C and 811 °C, except for Cretaceous granite, which yielded a lower Ti-in-zircon temperature of 632 °C. The temperature for the granite is likely an underestimate because of our assumed αTiO 2 = 0.5, which is likely an underestimate because of the evolved chemical composition of the granite where αTiO 2 might have been closer to unity (Hayden and Watson, 2007) . The correlation between Zr/Hf and Ti in CAVP zircons also indicates that zircon crystallized over a range of temperatures, because Hf will become enriched in the residual melt (and hence late-crystallizing zircon) only if prior zircon fractionation has occurred ( Figure  10 ). Because zircon crystallization requires decreasing temperature, Zr/Hf is a qualitative thermometer. We emphasize that because of our targeting of marginal crystal domains, the Ti-in-zircon temperatures will most likely represent the later stages of zircon crystallization, and early formed high-T zircon may be underrepresented in our data.
Independent support for the accuracy of Ti-in-zircon thermometry comes from zircon saturation thermometry. For granitic rocks, emphasized that zircon saturation temperatures based on whole rock data will likely underestimate zircon saturation temperatures because mafic components in the rock will crystallize early, and the residual melt will have a lower M value (and hence yield a higher zircon saturation temperature) than the bulk. For CAVP ignimbrites and Quaternary rhyolites, this effect can be neglected because pumice is crystal-poor and thus a good approximation of the melt composition. Moreover, zircon xenocrysts are scarce, and hence extraneous sources of zirconium in the bulk composition can be neglected. Regarding the application of the zircon saturation thermometer, the CAVP rocks are thus essentially ideal. Our results for zircon saturation temperatures are generally consistent with those from Ti- in-zircon thermometry, which supports that both sets of temperatures are accurate within stated uncertainties.
Zircon typological framework for the CAVP ignimbrites and rhyolitic lava/domes
Factors that can affect typological developments of zircon crystals are composition and temperature of magma, which can both influence crystallization kinetics and hence rates of crystal growth in different crystallographic orientations. Systematic investigation of zircon from natural granites led to the development of the Pupin diagram (Pupin, 1980) , which still retains popularity as a relatively simple tool for assessing granite genesis through pattern recognition of the zircon cargo. In this diagram, zircon crystals are classified according to {100}, {110} prismatic forms and {211}, {101} pyramidal crystal forms. In general, zircon crystals in alkaline and tholeiitic magmatic rocks are dominated by {100} and {101} forms, whereas the predominant forms in water-rich granites and pegmatites are {110} and {101}. Pupin (1980) suggested that the relative development of prism surfaces largely depends on crystallization temperature, whereas pyramid surfaces are more strongly influenced by chemical factors. Based on this original classification, Vavra (1993) and Benisek and Finger (1993) further developed zircon typology to assess the chemical conditions of zircon crystallization (Figure 11 ). Because zircon typology requires threedimensional imaging of the crystals, it is generally limited to the outermost crystal faces. Moreover, the latest phase of zircon growth is affected by increasing volatiles, which will affect crystallization kinetics . Hence, typology will likely reveal information on the thermochemical conditions during the latest phase of zircon crystallization, and not record earlier stages of magma evolution. While it is an advantage of high spatial resolution chemical analysis that it can target crystal interiors and rims for a complete reconstruction of a zircon's growth history, we emphasize that our Ti-inzircon data are also for marginal domains, and therefore a direct comparison between zircon populations used for typology and Ti-in-zircon thermometry is meaningful.
Zircon typologies of CAVP Neogene ignimbrites and Quaternary rhyolite lavas differ strongly in their T-index, yet their zircon saturation temperatures closely overlap (Table 3) . Within the CAVP, there is a weak correlation between average typology and T-in-zircon temperatures (r = 0.361698; Figure 12a ), but for individual samples, both temperature estimates can deviate by nearly 100 °C. Compositional effects on typology can be tested because there is an increase in the agpaitic index of CAVP felsic magmas with decreasing eruption age ( Figure 13 ). This correlates with an A-index that is generally lower in CAVP Neogene ignimbrites compared to Quaternary lavas. Zircon saturation temperatures, however, are indistinguishable between CAVP Neogene ignimbrites and Quaternary lavas. This suggests a stronger compositional rather than thermal influence on zircon typology, limiting its use as a quantitative thermometer.
Zircon typology has also been used to categorize granites genetically. CAVP Neogene ignimbrites have yielded calc-alkaline hybrid-type zircon, whereas zircon crystals from Quaternary rhyolite lavas are of the subalkaline mantle type. Corresponding zircon oxygen isotope data overlap (with CAVP Neogene ignimbrite δ 18 O = 5.3‰-7.8‰ and Quaternary rhyolite δ 18 O = 5.3‰-6.2‰ compared to mantle zircon δ Ti (ppm) Valley et al. 1998; Siebel et al., 2011; Aydar et al., 2012) . Crustal components thus play a role in all CAVP magmas, and a pure mantle origin as suggested by Pupin's (1980) classification is misleading.
Conclusions
Zircon typology alone is not sufficient to prove the origin of host rocks. The investigation of zircon populations using an integrated approach related to morphology, zircon saturation temperatures, and Ti-in-zircon temperatures can provide important additional data. The samples presented here show the changes in zircon morphology through time, as described in the classification developed by Pupin (1980) , generally correlating with changes in alkalinity and temperature basis. This lets us define the crustal contribution to magma sources and the direction of magma evolution from Neogene ignimbrites to Quaternary rhyolite lavas/domes. Together with the titanium composition of zircon, which is highly sensitive to temperature and has been shown to correlate with other chemical indicators of magma evolution, it provides a sensitive test for the involvement of both mantle-derived and crustal-derived components in the production of granitoids. Geothermometric estimations based on the zircon typologies are comparable with Ti-in-zircon temperatures and zircon saturation temperatures studies for most samples. Saturation temperature values obtained from the equation given by Watson and Harrison (1983) show differences between 95 °C and 55 °C, which may occur due to the calculation parameters. Recalculated zircon saturation temperatures based on Boehnke et al. (2013) present similar temperature values with temperatures that are obtained from zircon typological investigation 
( 1 10) (21 1) (101) S12
S18
Figure 11. Typological differences between Miocene ignimbrites (S12 and S18) and Quaternary rhyolitic lava/domes (L5 and G1). Development of (211) faces in the crystal S12 and S18 of the ignimbrite units. for Quaternary lavas/domes. However, as for Neogene ignimbrites, the temperature values from zircon saturation and Ti-in-zircon show slight differences with the zircon typology temperatures.
Zircons from Neogene ignimbrites show various combinations of forms with a prominent presence of {211} and {101} pyramids, and those from Quaternary lavas/domes tend to have the {110} prism as their dominant form. Development of prism faces relative to pyramidal faces indicates high alkalinity during the formation of Quaternary lavas/domes. Neogene Cappadocian ignimbrites are of the calc-alkaline hybrid type according to Pupin's (1980) typology diagram with average temperature values and alkaline indices. Zircon typology studies on Quaternary rhyolitic domes/lavas indicate low temperature values and high alkaline indices.
Therefore, it can be concluded that from older to younger units, alkalinity increases and it shifts to a peralkaline trend. However, the combination of crystal morphology, Ti-in-zircon, and zircon saturation temperatures from whole rock provides a robust approach for studying the generation of granitoid magmas.
